Background and Purpose-Estimation of infarction based on computed tomographic perfusion (CTP) has been challenging, mainly because of noise associated with CTP data. The Bayesian method is a robust probabilistic method that minimizes effects of oscillation, tracer delay, and noise during residue function estimation compared with other deconvolution methods. This study compares CTP-estimated ischemic core volume calculated by the Bayesian method and by the commonly used block-circulant singular value deconvolution technique. Methods-Patients were included if they had (1) anterior circulation ischemic stroke, (2) baseline CTP, (3) successful recanalization defined by thrombolysis in cerebral infarction ≥IIb, and (4) minimum infarction volume of >5 mL on follow-up magnetic resonance imaging (MRI). CTP data were processed with circulant singular value deconvolution and Bayesian methods. Two established CTP methods for estimation of ischemic core volume were applied: cerebral blood flow (CBF) method (relative CBF, <30% within the region of delay >2 seconds) and cerebral blood volume method (<2 mL per 100 g within the region of relative mean transit time >145%). Final infarct volume was determined on MRI (fluid-attenuated inversion recovery images). CTP and MRI-derived ischemic core volumes were compared by univariate and Bland-Altman analysis. 
M echanical thrombectomy has been established as the new standard of care in treatment of patients with acute ischemic stroke (AIS) [1] [2] [3] [4] because of large vessel occlusion. In the setting of AIS, the major goal of reperfusion treatment is to rescue brain tissue that is ischemic but not yet infarcted. Optimal characterization of ischemic core on baseline imaging can contribute significantly toward treatment decision-making. [5] [6] [7] In general, smaller ischemic cores are associated with improved functional outcomes and fewer treatment complications. With the promising results of recent trials, including DAWN (DWI or CTP Assessment With Clinical Mismatch in the Triage of Wake-Up and Late Presenting Strokes Undergoing Neurointervention With Trevo) 8 and DEFUSE 3 (Endovascular Therapy Following Imaging Evaluation for Ischemic Stroke 3), 9 the treatment window of AIS with large vessel occlusions has extended beyond the traditional 6 hours in properly selected patients with relatively small ischemic core volumes.
Although diffusion-weighted magnetic resonance imaging (MRI) may provide the most accurate estimation of early infarction, 10, 11 its broad clinical use has been limited because of sparse acute availability, variable patient eligibility, and potential time delays. 12 For these reasons, computed tomography (CT) remains the most widely used imaging modality for stratification of patients with AIS. Although Alberta Stroke Program Early CT Score has been successfully used for patient selection, 13, 14 there remains concern about its consistent applicability 15, 16 and significant variability with CT perfusion (CTP)-based ischemic core estimation.
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October 2018 CTP can improve the yield of CT-based imaging techniques and thereby approach the diagnostic value of MRI in identifying ischemic cores. [18] [19] [20] However, one of the main limitations of CTP for estimation of ischemic core is existing variability that may be, in part, from noise inherent in CTP datasets. 21, 22 The most frequently used CTP postprocessing method is deconvolution-based on singular value decomposition (SVD)-a technique that is highly sensitive to noise. 23, 24 The Bayesian method that is now commercially available is a robust probabilistic method that minimizes effects of oscillation, tracer delay, and high level of noise during residue function estimation compared with other deconvolution methods. 25, 26 The purpose of this study was to perform a comparative analysis between the diagnostic accuracy of the Bayesian and routinely used SVD postprocessing methods to estimate infarct volume from CTP datasets in patients with AIS and to compare these results with infarct volumes on MRI. We hypothesized that the Bayesian method should more closely approximate the infarct volume because of its inherent insensitivity to noise.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Patients
Consecutive patients with AIS who presented to our institution from 2015 through 2017 and satisfied the following inclusion criteria were included: (1) anterior circulation ischemic stroke with arterial occlusion involving internal carotid or middle cerebral artery, (2) baseline CTP, (3) successful recanalization defined by thrombolysis in cerebral infarction scale ≥IIb, and (4) infarction volume of >5 mL as calculated on the follow-up MRI fluid-attenuated inversion recovery sequence. All examinations were performed under institutional review board approval with waiver of informed consent.
Image Acquisition
CTP was performed on 2 CT scanners, including a Lightspeed VCT (GE Health Care, Milwaukee, WI) and SOMATOM Definition (Siemens, Forchheim, Germany). The scan parameters were 100 mm coverage in the z axis, 80 kV, 150 mA, effective dose of 3.3 mSv, slice thickness of 5 mm, and collimation of 64×0.625 mm. A total of 30 consecutive spiral acquisitions were obtained resulting in 60-second total imaging duration (2 seconds per cycle). Image acquisition was started after initiation of intravenous injection of 50 mL of Isovue-370 (Iopamidol; Bracco Diagnostics, Inc, NJ) at 5 mL/s. Contrast was followed by 20 mL saline flush at the same rate.
Image Analysis
CTP data in each patient were processed using FDA-approved postprocessing software (Olea Sphere [SP6.0]; Olea Medical Solutions, La Ciotat, France). First, the arterial input function was detected automatically by using a cluster analysis algorithm. 27 The same arterial input function was subsequently used to generate perfusion maps by both the circulant SVD (cSVD) method 28 and the Bayesian probabilistic method. 26 Parametric maps of cerebral blood flow (CBF), cerebral blood volume (CBV), time-to-maximum, arterial tissue delay (equivalent to time-to-maximum calculated from Bayesian method), and cerebral vascular mean transit time were generated separately from each postprocessing method.
Two established CTP thresholds were used to estimate the volume of infarction:
Relative CBF <30% within a region of delay of >2 seconds. 19 For defining delay, we used time-to-maximum >2 seconds and arterial tissue delay >2 seconds in cSVD and Bayesian-estimated maps, respectively. We will refer to this method as CBF method throughout the article. Absolute CBV <2 mL per 100 g within the region of relative mean transit time >145%. 20 We will refer to this method as CBV method throughout the article. These thresholds were applied to both cSVD and Bayesianderived parametric maps, yielding 4 different estimations of infarct volume for each patient: Bayesian CBF method, Bayesian CBV method, cSVD CBF method, and cSVD CBV method.
The follow-up MRI was used as the reference standard to calculate the final infarction volume. Volume of infarction was calculated by applying a volume of interest on the fluid-attenuated inversion recovery hyperintense region using a voxel-based signal intensity method subsuming the entire region of fluid-attenuated inversion recovery hyperintensity. Coregistered diffusion-weighted imaging was available to guide and confine the volume of interest to the region of acute infarction if needed. Regions of hemorrhage if present were not included in the final volume. Figure 1 shows an example of our image analysis and comparison of the parametric maps automatically generated using CBF and CBV methods when Bayesian and cSVD postprocessing were applied.
Statistical Analysis
The CTP-estimated ischemic core volume from cSVD and Bayesian methods was compared against MRI-derived infarction volume using repeated measures ANOVA. Mean±SD, median, and interquartile range (IQR) of absolute errors between CTP-estimated ischemic core volume and MRI were calculated for each patient across all 4 methodologies. Bland-Altman plots were also generated to compare the CTP and MRI-derived ischemic core volumes. The significance level was defined as P<0.05 (2 sided).
Results
A total of 35 patients met our inclusion criteria (17 men and 18 women), age (mean±SD), 69.7±14.3. The median and IQR of the National Institutes of Health Stroke Scale were 15 and 11 to 21. A total of 34 patients had proximal middle cerebral artery occlusion (left:right=21:13), and 1 patient had distal left internal carotid occlusion. A total of 14 of 35 patients received tPA (tissue-type plasminogen activator) treatment before mechanical thrombectomy. The median and IQR of time from CTP to recanalization (available in 30 of 35 patients) were 84.0 and 57.2 to 109.5 minutes. The median and IQR of time from CTP to MRI were 28.2 and 17.5 to 44.8 hours.
The MRI-derived infarction volume (mean±SD, mL) was 37±38 mL. The CTP-estimated ischemic core volume (mean±SD, mL) for each threshold methodology was as follows: Bayesian CBF, 41±36 (111% of MRI); Bayesian CBV, 17±21 (46% of MRI); cSVD CBF, 16±22 (43% of MRI); and cSVD CBV, 2±5 (5% of MRI). Using CBV-based methods, estimated ischemic core volume was significantly lower than the MRI infarction volume by both Bayesian (P=0.041) and cSVD (P<0.001) techniques. Using CBF-based methods, Bayesian-estimated ischemic core volume was comparable with MRI (P=0.77), whereas cSVD-estimated ischemic core volume was lower than MRI (P=0.006).
The Table summarizes the mean±SD and median (IQR) of absolute errors for CTP-estimated ischemic core volume and MRI. Figure 2 demonstrates the individualized differences in estimations of ischemic core volume for each patient between MRI and utilized CTP-based estimations using the CBF method and CBV method. 
Discussion
In patients with AIS, accurate estimation of ischemic core volume has important therapeutic and prognostic implications. Although CTP was used in several recent clinical trials for subject selection, its added value in routine use in patients with AIS is yet to be determined. Furthermore, clinical predictability of CTP remains a topic of an ongoing debate, [29] [30] [31] mainly because of the inherent vulnerability of CTP to noise that may contribute to disparities in measurement compared with MRI. 22, [32] [33] [34] To increase acceptance in the clinical stroke community, it is necessary to optimize perfusion postprocessing methodology. Importance will grow further if extension of the treatment window for mechanical thrombectomy depends upon the accurate determination of established ischemic core volume. We highlight the following primary findings of our study.
We showed that using the commonly used CTP threshold methodology, ischemic core volumes derived by Bayesian estimation are less variable and more accurate than commonly used SVD deconvolution techniques. The majority of CTP reports in the literature have used singular value deconvolution (SVD) and its variants, 28, 35 mainly because of broad vendor availability. However, SVD methods are inherently vulnerable to errors from noise because small changes in the magnitude of the concentration time curve may result in large deviations in the residue function after deconvolution. 36 These errors in residue calculation ultimately result in systematic biases in the calculated hemodynamic parameters. 28, 35 The Bayesian method, which involves the application of the Bayes probability concepts in hemodynamic parameter estimation, has been explored in numerous recent studies. 25, 26, [37] [38] [39] As opposed to the SVD method, which implements numerical deconvolution of a noisy signal, the Bayesian method interprets the calculations as probability models. Specifically, in 
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this technique, the integration of perfusion parameters with experimental perfusion data provides an a priori probability distribution, from which the CBF, delay, and residue function are derived. 26 The Bayesian method has several advantages over SVD, including use of fewer assumptions, automatic estimation of regularization parameters, and reduced bias because of noise. Furthermore, the Bayesian method has shown promise in analyzing samples of perfusion datasets, simulations with digital phantoms, and more recently, on a primate model to predict final ischemic core volume in permanent unilateral middle cerebral artery occlusions. 26, 37, 38 Our results confirmed the theoretical advantages of Bayesian method over SVD-based deconvolution to achieve more accurate and consistent estimation of ischemic core volume in CTP. We showed that when compared against final infarct volume on MRI, Bayesian-estimated ischemic core volumes using CBF or CBV methods exhibited smaller mean volume differences compared with their cSVD-derived counterparts (Figure 4) . The smallest mean volume difference with MRI was achieved by Bayesian-estimated ischemic core volume using CBF method (median absolute error of −7 mL). With reliance on ischemic core volume to include or exclude patients from attempted revascularization treatment, more accurate quantification of ischemic core on CTP would likely improve patient stratification. Furthermore, because an arbitrary cutoff volume of 70 mL of ischemic core volume has been proposed to exclude or include patients from mechanical thrombectomy, 40 errors in core calculation may inaccurately characterize treatment candidacy in some patients. For example, in our study, a large ischemic core volume (MRI volume, >70 mL) was identified in 5 of 5 patients using the Bayesian CBF method but in 0 of 5 using Bayesian CBV, 1 of 5 using cSVD CBF, and 0 of 5 using cSVD CBV methods (Figure 2 ). In cases with smaller MRI volume (<70 mL), the Bayesian CBF method did not calculate any cases to have ischemic core volume >70 mL.
We also showed that CBF method was superior to the CBV method in estimating ischemic core volume from CTP regardless of the postprocessing methodology applied (Bayesian or cSVD). Estimated infarction volumes were considerably lower when calculated by CBV methods than by CBF methods (Table) , reinforcing a preference of CBF methods. 41 It should be noted that although our results are promising, our best estimated method (Bayesian CBF-derived infarction volumes) did still show variability in the accuracy of infarction volumes compared with MRI with 95% limits of agreement ranging from −28 to +19 mL. This range resonates with criticisms of CTP-derived ischemic core volumes noted in literature. 22 Although we have shown that the Bayesian CBF method narrows this range of agreement compared with cSVD postprocessing, its diagnostic performance is still suboptimal. Because the objective of this study was to compare the accuracy of Bayesian against commonly used cSVD methods, we retained 2 accepted threshold methodologies from the literature rather than identifying Bayesian-specific threshold values for ischemic core volume. Interestingly, in our study, using relative CBF <30% resulted in slight overestimation of ischemic core when Bayesian method was applied. This indicates that a lower CBF threshold is likely required to best approximate the ischemic core volume estimation. A follow-up 
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October 2018 study to identify Bayesian thresholds may be warranted to explore more predictive thresholds for treatment candidacy when using Bayesian methods. Our study has several limitations. First, our sample size was relatively small, limiting the power of the study. Second, because of the retrospective study design, we did not strictly control the time between CTP and recanalization or the time between CTP and MRI acquisitions. Thus, our analysis assumes that the true physiological infarction volume did not significantly change between the baseline CTP and MRI if successful recanalization was achieved. In our study, the median time between CTP and recanalization was 84.0 minutes (IQR, 57.2-109.5), and the median time between CTP and MRI was 28.2 hours (IQR, 17.5-44.8). Third, in some patients, the true physiological ischemic core volume may actually be smaller at the time of CTP than at the time of MRI, especially if recanalization was delayed or incompletely effective. However, our interpretation of results should take into account each of these limitations because the volumes calculated with the all 4 CTP methods should be affected by similar magnitude. Fourth, estimation of ischemic core volume using fluidattenuated inversion recovery can be confounded from edema; however, we tried to minimize this effect by using coregistered diffusion-weighted imaging for guidance. Finally, our CTP provided a relatively limited z coverage (10 cm).
Conclusions
In summary, we showed that although accuracy of ischemic core volume estimation on CTP is not perfect, the Bayesian method is superior to cSVD techniques, and CBF techniques are superior to CBV techniques. Bayesian-estimated ischemic core volumes using CBF methodology provides the highest accuracy and the least variability compared with MRI. A follow-up prospective study using Bayesian postprocessing is warranted to identify the Bayesian-specific perfusion thresholds to maximize the potential advantages of Bayesian technique in patients with AIS.
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